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a  b  s  t  r  a  c  t
This work  describes  the  fabrication  and  evaluation  of  a  transparent  hydrogel  based  spray  coating  to
reduce  marine  biofouling  on  glass surfaces.  A glycerol  based  copolymer  was  synthesized  and  covalently
immobilized  by applying  a simple  spray  coating  procedure.  To  test  its nonfouling  behavior,  modiﬁed  glass
surfaces  were  exposed  to different  marine  fouling  species  including  bacteria,  green  algae,  and  blue  mus-
sels. For  all  tested  species  the  coating  could  considerably  reduce  the  settlement  as  compared  to  pristine
glass  surfaces.  The  settlement  of  blue  mussels  on  coated  surfaces  was  additionally  compared  to  poly-olyglycerol
pray coating
arine biofouling
rotein resistant
ransparent
tetraﬂuoroethylene  (PTFE)  substrates.  The  glycerol  based  copolymer  showed  an even  better  resistance
against  blue  mussel  adhesion  than  PTFE.  Furthermore,  the nonfouling  performance  of the coating  was
tested  via  ﬁbrinogen  adsorption  after  aging  coated  silica  slides  under  marine  conditions.  The  major  aim  of
this study  is  to provide  an  easy  synthesis  and  application  procedure  for a polyglycerol  based  nonfouling
coating  and  the  evaluation  of its nonfouling  properties  in marine  environments.
ublis© 2015  The  Authors.  P
. Introduction
Marine biofouling deﬁned as the unwanted settlement and
rowth of micro- and macroorganisms is of concern to all artiﬁ-
ial materials immersed in the ocean, including commercial ships,
achts, monitoring systems, and aquacultures [1–5]. In the case of
hips and yachts the main consequence of marine biofouling is an
ncreased hydrodynamic drag of the ship hull which leads to more
uel consumption and thus higher operating expenses and emis-
ion of green house gases [6]. Moreover, the bioﬁlm once settled
ay contribute to microbially induced corrosion or biocorrosion
f the substrate material and thus accelerate its aging. In contrast,
osts related to biofouling in aquaculture mainly result from mate-
ial abrasion which necessitates repair or even replacement [6].
he most obvious problem for ocean monitoring systems in contact
ith seawater is biofouling on optical and electrochemical sensors
ecause the results of measurements may  be affected considerably
y the presence of ﬁlms on the sensors [7]. But antifouling protec-
ion of the housing is also important, because biofouling can have
igniﬁcant chemical or biological impact on the studied site [4,8].
∗ Corresponding authors.
E-mail addresses: haag@chemie.fu-berlin.de (R. Haag),
ngo.grunwald@ifam.fraunhofer.de (I. Grunwald).
ttp://dx.doi.org/10.1016/j.porgcoat.2015.05.003
300-9440/© 2015 The Authors. Published by Elsevier B.V. This is an open access article uhed  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license
(http://creativecommons.org/licenses/by/4.0/).
Since costs due to fouling in commercial shipping exceed the
costs in other applications and industries affected by biofouling,
research has mainly addressed marine fouling in commercial ship-
ping, where satisfying solutions are already commercially available
in terms of fuel savings as well as from an ecological point of view
[9,10]. Current strategies to prevent biofouling on ship vessels can
be divided into two categories: coatings that release biocides at a
speciﬁc rate and fouling release coatings (FRCs) that inhibit the set-
tlement of fouling organisms by minimizing the adhesion strength
between the surface of the hull and the organisms, thereby facil-
itating their removal under the hydrodynamic stress caused by
the movement of the ship in the water [11]. Concerning biocides,
after the ban of tributyl tin (TBT) based compounds, today’s bio-
cidal antifouling paints are largely copper based [12]. Commonly,
copper is used as cuprous oxide (Cu2O) which gives commercial
ship vessels their typical brownish and reddish color. Despite their
considerably reduced toxicity compared to TBT compounds, copper
based paints are also subjected to restrictions in several countries
[11,13]. In contrast to such active release coatings, passive FRCs
which are mainly based on silicone- and ﬂuoropolymers constitute
an economically friendly alternative [6]. Since the self-cleaning rate
of FRCs depends on physical principles, namely the hydrodynamic
stress resulting from the velocity of the vessel in ﬂuid water, early
low performing FRCs could only be applied to high speed vessels
[11]. According to a model of Schultz and co-workers which relates
barnacle adhesion strength to the drag forces generated by the ship
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ovement, the best performing silicone coatings still need a vessel
peed of at least 10 knots (18.5 km h−1) [14]. The fact that FRCs only
ork at high vessel speeds is indicated by the estimated ﬁgures of
heir market share by volume, which is around 10% for commer-
ial ships but less than 1% for recreational yachts that spend a large
roportion of their time under static conditions [9]. Static condi-
ions also largely prevail in aquaculture and marine monitoring
ystems. Although FRCs are highly effective in preventing barna-
le and mussel adhesion, which are more detrimental in terms of
uel consumption, they generally do not perform well in preventing
he formation of a slime layer made of diatoms, smaller algae, and
acteria [15,16].
As antifouling research mainly focuses on technical solutions
elated to shipping, aquaculture, and ocean monitoring speciﬁc
olutions are rare [7]. Optical sensors such as beam transmissome-
er and optical windows, become disrupted by fouling organisms
ettling on them which makes the pictures blurry or decreases the
ransmittance of light [17]. As deep sea or coastal oceanographic
onitoring systems for monitoring, for example, climate change
re generally unmanned, solutions that guarantee a constantly high
ata quality are needed to enable less expensive and more practical
aintenance [18]. Current antifouling systems for optical sensors
ainly rely on three distinct approaches [8]: (i) mechanic cleaning
sing automatized wiping or scrubbing devices, (ii) biocidal release
oatings that are comparable to the ones applied in the shipping
ector or simple copper plates, and (iii) a controlled generation of
iocides using automatic electro-chlorination or acid dispensing
evices. FRCs, however, do not play a major role due to the afore-
entioned fouling release mechanism depending on the vessel
peed. Furthermore, they do not sufﬁciently prevent the settlement
f microorganisms such as bacteria and diatoms that preferentially
dhere to hydrophobic surfaces [19,20]. The disadvantage for auto-
ated scraping and wiping is the mechanical complexity of such
evices, and for the use of biocides it is unfavorable that the chem-
cal or biological properties of the studied site may  be disturbed by
heir constant release.
To achieve fouling release properties, even under static condi-
ions, hydrophilic polymers that are commonly applied to render
urfaces resistant to proteins or bacteria were tested for their
ntifouling properties in marine environments [21–25]. Rasmussen
nd coworkers compared several bulk hydrogels including algi-
ate, agarose, chitosan, and polyvinyl alcohol (PVA) with respect to
he adhesion of a marine bacteria species on some macroscopically
caled hydrogels at varying shear rates [23]. The authors could not
nd any correlation between adhesion and hydrophobicity for the
ested polymers. However, PVA exhibited the lowest cell coverage
t all shear rates. Liedberg and coworkers [22] prepared optically
ransparent PEG hydrogel ﬁlms on glass slides in a two-step proce-
ure via free-radical polymerization of methacrylates under inert
as atmosphere. These coatings showed promising results with
espect to their fouling resistance against various microorganisms
uch as algal zoospores, diatoms, and barnacle cyprids. Hult and
oworkers developed thiol-ene hydrogel coatings based on PEG
hat were applied to glass surfaces with a ﬁlm applicator and sub-
equently cured under UV light [24]. The authors demonstrated
hat protein adsorption as well as adhesion of bacteria and diatoms
ould be considerably reduced as compared to unmodiﬁed glass.
e have previously shown that linear methoxylated polyglycerol
oatings applied via immersion in a solution of the respective poly-
er  could render microscopic glass surfaces highly protein and cell
esistant [26,27]. However, all these approaches which are based
n covalently grafting the hydrogel to the glass substrate, have one
imitation in common: the application of the coating is laborious
nd necessitates proper specialist lab equipment. The research we
resent here was aimed at further developing our linear polyglyc-
rol based coatings to overcome this limitation. In contrast to ourc Coatings 87 (2015) 146–154 147
previous approach we also change the synthetic route to reduce
costs and we  further extend our study by including various marine
organisms, thus allowing evaluation of the coatings’ antifouling
properties beyond lab environments in in vitro experiments. There-
fore, we  prepared a silylated glycerol based linear copolymer in a
straightforward two-step procedure, which was  covalently grafted
to planar glass substrates by spraying it under ambient conditions.
We tested modiﬁed glass surfaces for their ability to resist the
adsorption of various marine fouling species and ﬁbrinogen and
withstand exposure to marine conditions.
2. Experimental
2.1. Materials
All chemicals and solvents were reagent or HPLC grade, used as
received, and purchased from Sigma Aldrich (Steinheim, Germany)
unless stated otherwise. Glycidyl methyl ether (GME) was pur-
chased from TCI (Eschborn, Germany), dried over CaH2 and distilled
prior to use. The deionized water used was puriﬁed using a Milli-
pore water puriﬁcation system (MilliQ) with a minimum resistivity
of 18.0 M cm.  NaCl, NaOH, and aqueous HCl were bought from
VWR  International (Darmstadt, Germany). Phosphate buffer saline
(PBS, 10× concentrated, 90 g/L NaCl, 7.95 g/L Na2HPO4, 1.4 g/L
KH2PO4, pH 7.4) was purchased from Lonza (Cologne, Germany)
and was diluted to the ﬁnal concentration using Milli-Q deionized
water. Dialysis was performed in regenerated cellulose tubes from
Spectrum laboratories (Spectra/Por® 6 Dialysis membrane, molec-
ular weight cut-off (MWCO) 1000 g mol−1 purchased from Roth,
Karlsruhe, Germany). Ecospray dispenser was  purchased from Roth
(Karlsruhe, Germany). Cultures of Marinobacter hydrocarbonoclas-
ticus DSM 50418 (M. hydrocarbonoclasticus)  were purchased from
DSMZ (Braunschweig, Germany). Marine broth was purchased
from Roth (Karlsruhe, Germany). Blue mussels (Mytilus edulis) were
collected at the shoreline close to Bremerhaven (Germany) and
were further cultivated in a salt and cold water aquarium.
2.2. Methods
1H and 13C NMR  spectra were recorded with a Jeol ECX spec-
trometer operated at 400 MHz  and a Bruker Avance 3 system
operated at 700 MHz, respectively, applying analyte solutions at
concentrations of 20–100 mg  mL−1. The obtained chemical shifts
for NMR  signals are reported in ı (ppm) values and were refer-
enced to the indicated solvents. Gel permeation chromatography
(GPC) measurements were carried out with an Agilent 1100
Series instrument equipped with refractive index detector and
polystyrene standards were used for calibration. The GPC mea-
surements were run in using tetrahydrofuran (THF) as eluent
(1 mL  min−1, 25 ◦C), and applying three columns in-line, namely
Suprema Lux 100, Suprema 1000, and Suprema Lux 3000 (dimen-
sions: 8 nm × 300 nm,  particle size: 10 m,  PSS Mainz, Germany).
Dissipative quartz crystal microbalance (QCM-D) measurements
were performed on a Q-Sense E1 system (Q-Sense AB, Gothen-
burg, Sweden). SiO2 coated QCM sensor chips were cleaned with
a UV/ozone ProCleanerTM (Bioforce Nanosciences, Ames, IA, USA)
equipped with a mercury vapor lamp which generates light with
intensity maxima at 254 and 185 nm in the ultraviolet spectral
range. A spectrophotometer (Specord 200, Analytik Jena, Germany)
was used to determine optical densities.2.3. Synthesis
Ethoxyethyl glycidyl ether (EEGE) was synthesized according to
the literature, dried over CaH2, and distilled prior to use [28].
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Poly(GME)90-stat-(EEGE)10, further on denoted p(GME)-s-
EEGE) was prepared by a modiﬁed procedure based on the work
eported by Labbé et al. [29]. Polymerization was carried out
nder argon atmosphere. Tetraoctylammonium bromide (0.63 g,
.2 mmol, 1 equivalent (eq.)) was dried in a ﬂask under vacuum at
20 ◦C, which was followed by the addition of dry toluene (50 mL),
ME  (9.15, 104 mmol, 90 eq.) and EEGE (1.68 g, 11.5 mmol, 10 eq.).
efore triisobutyl aluminum (1.19 g, 6 mmol, 5 eq.) was added to
he reaction mixture, the ﬂask was cooled with an ice/water bath.
he reaction mixture was stirred for 4 h and allowed to warm up
o room temperature. Subsequently, the reaction was quenched by
ddition of aqueous NaOH (0.1 M,  30 mL)  and stirred for another
our. Solvents were removed under reduced pressure, the residue
as dried under high vacuum, subsequently dissolved in diethyl
ther, and centrifuged to separate from the aluminum salts. The
upernatant was  concentrated under reduced pressure and dis-
olved in ethanol (EtOH). For deprotection of the acetal protected
ydroxyl groups, aqueous HCl (3 wt%) was added and the reac-
ion mixture stirred for 4 h. Subsequently the residue was dialyzed
gainst methanol (MeOH) and dried under reduced pressure to
ield p(GME)-s-(EEGE) as a colorless oil (7.94 g, 74%). Characterized
y the following ﬁndings: 1H NMR  (400 MHz; CDCl3): ı 3.62–3.42
m,  polymer backbone); 3.34 (s, OCH3) ppm. GPC: Mn = 9300,
DI = 1.1.
Triethoxysilyl functionalized poly(GME)90-stat-(OH)9-stat-
Sil)1 further on denoted p(GME)-s-(OH)-Sil was  obtained by
ilylation of p(GME)-s-(EEGE). Therefore, p(GME)-s-(EEGE) (2 g,
.23 mmol, 1 eq.) was dissolved in THF (40 mL)  in a PTFE ﬂask,
ollowed by the addition of triethylamine (0.09 mL,  0.70 mmol,
 eq.) and 3-(triethoxysilyl)propyl isocyanate (0.3 mL,  1.30 mmol,
.6 eq.). The reaction was allowed to proceed for 24 h at room
emperature. Subsequently, the mixture was concentrated under
educed pressure and dialyzed against EtOH to yield p(GME)-s-
OH)-Sil (1.8 g, 78%). Stock solutions of p(GME)-s-(OH)-Sil in EtOH
ere stored at 4 ◦C until further use. The main product of the
eaction is characterized by the following NMR  results: 1H NMR
700 MHz; CDCl3): ı 3.78–7.75 (q, 6 H, J = 6.9 Hz, SiOCH2CH3);
.65–3.36 (m,  500 H, polymer backbone); 3.30 (s, 261 H, OCH3);
.23 (m,  9 H, SiOCH2CH3); 0.59 (m,  6H, CH2CH2Si) ppm. 13C NMR
101 MHz; CDCl3): ı 162.5 (C O); 87.9–78.4, 72.8–72.7, 72.5–72.4,
0.1–69.7 (polymer backbone); 59.2 (OCH3); 58.2 (SiOCH2CH3);
2.7 (CH2CH2Si); 18.3 (SiOCH2CH3); 7.7 (CH2CH2Si) ppm.
.4. Surface preparation
Prior to coating, conventional soda-lime silicate glass
lides were immersed in freshly prepared piranha solution
H2SO4:H2O2 = 3:1) for 30 min, whereas QCM-D sensor chips
oated with SiO2 were cleaned with a UV/ozone cleaner. Subse-
uently, the slides were thoroughly rinsed with Milli-Q water and
ried in a stream of N2 gas. The silylated copolymer was deposited
n the respective silica based glass surface by spraying a solution
hich comprised p(GME)-s-(OH)-Sil (50 mg), MeOH (10 mL)  and
cetate buffer (1 M,  pH 4.5, 0.5 mL)  by means of a pressurized
ispenser. Coated samples were then cured in an oven at 80 ◦C
or 30 min  and then allowed to cool down to room temperature.
ubsequently, the coated slides were rinsed with MilliQ water to
emove non-covalently grafted copolymer and catalyst and then
ried in a stream of N2.
.5. EllipsometryVariable angle spectral ellipsometry (VASE) thickness measure-
ents of p(GME)-s-(OH)-Sil coatings on silica terminated silicon
lides were carried out on a SENpro ellipsometer (SENTECH Instru-
ents GmbH, Germany) at variable angles between 55◦ and 70◦ inc Coatings 87 (2015) 146–154
the spectral range of 380–930 nm and ﬁtted using the analysis soft-
ware SpectraRay/3. The reported values are the average of at least
ﬁve measurements. The obtained data was  ﬁtted using the analy-
sis software SpectraRay/3 to a four-layer model (Si, SiO2, organic
layer, and air). Prior to coating, the data of the VASE investiga-
tion of the substrate silicon layer was ﬁtted using n = 3.817 and
k = 0.01567, whereas the native SiO2 layer was ﬁtted with a Cauchy
layer (T = 303.4 nm,  N0 = 1.455, and N1 = 32.8). The RI value of the
coating (RI = 1.473) was  taken from the literature [30] and the thick-
ness determined based on a Cauchy relationship.
2.6. Contact angle measurements
Static water contact angles were determined with the sessile
drop method. In the experiment a drop of MilliQ water (2 L) was
placed on bare and coated glass slides, and allowed to equilibrate for
20 s. The given contact angles are the mean of ﬁve measurements
applying a Young–Laplace ﬁtting. Contact angle measurements
were carried out on a Dataphysics Contact Angle system OCA (Dat-
aPhysics Instruments) and evaluated using the software package
SCA202 version 3.12.11.
2.7. X-ray photoelectron spectroscopy (XPS)
XPS spectra were recorded using a Kratos AXIS Ultra sys-
tem with the following acquisition parameters: base pressure
4 × 10−10 mbar; sample neutralization applying low energy elec-
trons (up to 5 eV); hybrid mode (electrostatic and magnetic
lenses are used), takeoff angle of electrons 0◦, pass energy 20 eV
in high resolution spectra and 160 eV in survey spectra and
excitation of photoelectron emission by monochromatic Al k
radiation (h = 1486.6 eV), operating the X-ray source at 300 W
(15 kV × 20 mA). The analysis area was elliptically shaped with
main axes of 300 m × 700 m.
2.8. Green algae adhesion
The adhesion of naturally occurring green slime algae was tested
by immersing substrates in a sea water aquarium initially inocu-
lated with water samples from the North Sea close to Bremerhaven
(Germany). The p(GME)-s-(OH)-Sil coated or uncoated substrates
were collected at various time frames and carefully rinsed with arti-
ﬁcial sea water. The adherent cells were then observed with a bright
ﬁeld microscope (Zeiss Axio Imager M1,  Carl Zeiss, Jena, Germany)
and analyzed by Carl Zeiss LSM Image Examiner software. The indi-
cated values are the average of ﬁve measurements.
2.9. Marine bacteria adhesion
M. hydrocarbonoclasticus cultures were prepared according to
a procedure reported by Pranzetti et al. [31]. A pellet compris-
ing M.  hydrocarbonoclasticus DSM 50418 was  added to a marine
broth (5 mL)  and incubated overnight with mechanical shaking at
26 ◦C. Aliquoted stock cultures containing glycerol were prepared
and gradually frozen to −150 ◦C. Subcultures were prepared by
suspending thawed stock cultures in marine broth and cultured
on agar dishes overnight with shaking at 26 ◦C. Then subcultures
of M. hydrocarbonoclasticus were suspended in minimal medium
(marine broth: artiﬁcial seawater (ASW) = 1:100) to obtain an opti-
cal density at 600 nm (OD600) of 0.1, which corresponds to 4 × 107
cells mL−1. Prior to sample immersion in the bacteria suspen-
sion, substrate samples were treated by spraying their surface
with aqueous isopropanol (70 wt%) followed by pre-immersion for
1 h in artiﬁcial seawater (ASW; Tropic Marine®, pH 7, 33.3 g/L of
ultrapure water, Dr. Biener GmbH, Wartenberg, Germany). For the
bacteria adhesion tests, pre-treated p(GME)-s-(OH)-Sil coated or
T. Becherer et al. / Progress in Organic Coatings 87 (2015) 146–154 149
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scheme 1. Synthesis of triethoxysilyl functionalized linear glycerol based copolym
thoxyethyl glycidyl ether (EEGE), acetal deprotection, and functionalization with 3
ncoated glass slides were immersed in prepared bacterial suspen-
ions, whereas for negative controls the p(GME)-s-(OH)-Sil coated
r uncoated substrates were immersed in ASW. Subsequently, the
ishes were placed on a tilting plate shaker (S-4, NeoLab, Heidel-
erg, Germany) at room temperature at 50 rpm for time frames
f 1, 4, and 24 h, respectively. Then the substrates were removed
rom the immersion medium, thoroughly rinsed with ASW (15 mL),
e-immersed in ASW, and placed on the shaker for an additional
inute to remove loosely bound cells. The substrates were then
mmersed in aqueous glutaraldehyde (15 mL,  2.5 w%  in ASW) for
0 min  to ﬁx adherent bacteria, which was followed by rinsing the
ubstrates with ASW (15 mL)  and placing immersed samples on the
haker for another minute. For drying, substrates were stored in
n incubator overnight and subsequently stained with a commer-
ial formulation SYTO 9 (Invitrogen, Molecular Probes, ex. max.:
88 nm;  em.  max.: 509 nm). The stained bacteria were then inves-
igated with a ﬂuorescence microscope (Zeiss Axio Imager M1,  Carl
eiss, Jena, Germany), and the obtained images were analyzed with
arl Zeiss LSM Image Examiner software.
.10. Blue mussel adhesion
The blue mussel (M.  edulis)  adhesion tests were performed with
(GME)-s-(OH)-Sil coated and uncoated glass substrates as well as
olytetraﬂuoroethylene (PTFE) slides with a size of 7 cm × 14 cm.
he slides were fully immersed in a sea water aquarium and their
urface was densely covered by manually placing mussels on top
f them (8 mussels per slide). The mussels were placed in direc-
ion with the converse side (where the byssus foot comes out of
he shell) faced to the material surface. After 24 and 48 h the mean-
hile adherent mussels were carefully removed and the number
f byssus plaques per slide was counted. The mussels which had
ettled on one slide were exchanged by the ones which had been
ontacted with the other slides. This exchange was  done in order
o increase the number of individual mussels tested and, thus, to
inimize possible effects resulting from distinct settling charac-
eristics of different individuals. Statistical treatment of the data:
he data are presented as means ± SD of values from at least three
ndependent experiments. Signiﬁcance of difference between sets
f data was performed by ANOVA followed by the Bonferroni post
oc tests. p > 0.05 was considered as not signiﬁcant [ns], p 0.01–0.05
s signiﬁcant [*], p 0.001–0.01 as very signiﬁcant [**], and p < 0.001
s extremely signiﬁcant [***].
.11. Quartz crystal microbalance (QCM-D)
To investigate the protein resistance of the prepared coatings,
brinogen (1 mg mL−1) adsorption was measured under dynamic
onditions using a QCM-D (Q-Sense E1, Q-Sense AB, Gothenburg,
weden). Furthermore, stability against exposure in buffered saline
olution (aqueous NaCl, 3.5 wt%) at various degrees of pH (7, 7.9, 8,
.3, 10) and in the presence of an anionic detergent (sodium dodecyl
ulfate (SDS), 2 wt%) were tested. For this purpose, the frequencyME)-s-(OH)-Sil by statistical copolymerization of glycidyl methyl ether (GME) and
thoxysilyl)propyl isocyanate (TEPIC).
change of coated and uncoated piezoelectric quartz crystals cov-
ered with sputtered SiO2 was monitored as a function of time at
a ﬂow rate of 0.1 mL  min−1 according to the following protocol:
injection of (i) PBS (0.5 mL), (ii) respective saline solution (3.5 wt%)
with adjusted pH value or solution of SDS in MilliQ water, respec-
tively (6 mL), (iii) aqueous PBS (1.5 mL). Directly after subjection to
the above-mentioned solutions, the state of the coating was fur-
ther tested by measuring nonspeciﬁc adsorption of ﬁbrinogen with
a ﬂow rate of 0.1 mL  min−1 according to the following protocol: (i)
PBS (0.5 mL), (ii) ﬁbrinogen solution (1 mg  mL−1 in PBS), and (iii)
PBS (1.5 mL). The values given are the average of three measure-
ments. Curves given in plots are the normalized frequency changes
of the third overtone as a function of time.
3. Results and discussion
3.1. Synthesis
Aiming at optically transparent coatings that could be used to
render glass surfaces resistant against marine fouling organisms a
synthetic approach was tailored and applied which we had suc-
cessfully used for providing various glass surfaces with protein
and cell resistance [26,27]. Within this approach, terminally tri-
ethoxy silyl functionalized linear glycerol based homopolymers
were covalently immobilized on silica by immersing the respective
substrates in a solution of the polymer. The silyl moiety enabled
the covalent immobilization via siloxane bond formation, follow-
ing the same chemistry which is commonly applied for crosslinking
silicone based FRCs [11]. For this purpose, several aspects of the syn-
thetic procedure were further developed. Firstly, the chain length
was increased by a factor of ﬁve to obtain thicker coatings that
when applied by spraying provided an increased nonfouling per-
formance compared to the previously published compounds and
may  even provide prolonged stability in marine environments. As
the chain length which is achievable with the previously used
anionic polymerization of glycidyl ethers was limited to approx-
imately 3 kDa, a different polymerization procedure was  applied
that enabled the synthesis of polymers with molecular weights
of up to 100 kDa [32,33]. Secondly, methoxy moieties were used
as side groups instead of hydroxyl moieties. In this way it was
intended to reduce the susceptibility toward aggregation in solu-
tion via crosslinking of alcohol and alkoxy silane groups, a reaction
to be expected for the part within the two-part coating formulation
which contains the polymer with the silyl moiety. In order to enable
the incorporation of alkoxy silane groups after polymerization, gly-
cidyl methyl ether (GME) was  copolymerized with ethoxyethyl
glycidyl ether (EEGE). Whereas GME  made up the methoxy side
group, EEGE contained a latent hydroxyl group that could be depro-
tected after polymerization and further modiﬁed with the alkoxy
silane moiety. Therefore, GME  and acetal protected glycidol (EEGE)
were randomly copolymerized with a molar feeding ratio of 10–1 to
yield linear methoxylated polyglycerol with 10% hydroxyl groups
(Scheme 1).
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In contrast to our recently published approach, we addition-
lly changed the synthetic route for silyl functionalization from
oupling via urea bond formation to carbamate bond formation
26]. In the original route, triethoxy silyl functionalized polymers
ad been synthesized from amine functionalized precursor poly-
ers using 3-(triethoxysilyl)propyl isocyanate. This approach was
referable to carbamate formation, because the urea bond had bet-
er hydrolytic stability than the carbamate bond [34]. However, the
eakest link in the prepared coating with respect to hydrolytic
leavage was the siloxane bond of the polymer with the substrate
26,35]. Hence, the synthetic route was modiﬁed using carbamate
ond formation for the silyl functionalization and thereby saved
hree additional synthetic steps that were required in the origi-
al approach for transforming hydroxyl groups into amines [27]. In
rder to facilitate the coating of large substrates the previous coat-
ng procedure was modiﬁed by applying a spray process instead
f immersion. The resulting simple approach is in line with our
remise to use a straightforward synthesis and an easily applicable
oating procedure. The formation of p(GME)-s-(OH)-Sil as depicted
n Scheme 1 was conﬁrmed by 1H NMR  and 13C NMR  spectroscopy,
nd the degree of polymerization was determined by gel perme-
tion chromatography (GPC). According to 1H NMR  spectroscopy,
(GME)-s-(OH)-Sil contained on average one triethoxy silyl moiety.
he here used catalyzed polymerization method (PDI 1.1) caused a
eduction of the polydispersity compared to the previously applied
ure anionic polymerization (PDI 1.2) although the number aver-
ged molecular weight considerably increased from 2 to almost
0 kDa [27].
.2. Coating
To covalently graft p(GME)-s-(OH)-Sil on glass substrates,
thoxy silane groups of the copolymer need to be transformed
n situ into reactive silanol groups which enable a condensation
eaction with the silanol groups of the substrate surface. Therefore,
e chose a commonly applied deposition procedure for alkoxysi-
anes involving an organic aqueous solution and a slightly acidic
H (Scheme 2). In addition to p(GME)-s-(OH)-Sil, the formula-
ion comprised methanol as a highly volatile solvent and aqueous
cetic acid which was added prior to the application for facil-
tating the hydrolysis of the ethoxy silane groups. The coating
olution was applied to the substrate by spraying it on cleaned glass
lides using a gas driven dispenser. After curing at 80 ◦C for 30 min
r at room temperature overnight the coated slides were thor-
ughly rinsed with distilled water. The formation of cross-linked-s-(OH)-Sil, aqueous acetic acid as catalyst and methanol as solvent.
multilayers was followed by ellipsometry after repeatedly per-
forming this spray cycle including spraying, curing, and rinsing.
Whereas one spray cycle resulted in an average coating thickness
of 1.9 ± 0.5 nm and two spray cycles in a slightly thicker coat-
ing of 2.5 ± 0.3 nm,  a third or any further coating cycles did not
lead to a signiﬁcant increase of the coating thickness. We  there-
fore conclude that multilayer formation via crosslinking of residual
hydroxyl groups and silanols does not occur. Instead, in the second
spray cycle only the holes resulting from nonreactive copolymer
segments blocking the access to reactive silanol groups on the
substrate surface were ﬁlled. Water contact angle measurements
additionally conﬁrmed the formation of a coating layer on glass
substrates. Whereas glass surfaces thoroughly rinsed with ethanol
exhibited a static water contact angle of 42.7 ± 0.9◦, p(GME)-s-
(OH)-Sil coated surfaces yielded a contact angle of 50.9 ± 0.3◦ which
was close to the value of 49.5 ± 0.7◦ obtained for poly(GME)-Sil
modiﬁed substrates coated via our previously published immer-
sion technique [27]. XPS analysis also conﬁrmed the formation of
an organic layer as indicated by the change of C/Si ratio from 0.2 to
2.0.
In conclusion, these ﬁndings conﬁrm our synthetical approach
to control the thickness of the coatings by the polymer length. For
technical applications a one-step application leading to the maxi-
mum  ﬁlm thickness seems feasible when tailoring the kinetics of
the ﬁlm formation by optimizing the concentration of the spray
solutions and the applied temperature proﬁles. However, for eval-
uating the feasible properties of the coatings with such maximum
thickness all further experiments were performed with a dual coat-
ing procedure.
3.3. Biofouling evaluation
To probe the nonfouling properties of the p(GME)-s-(OH)-Sil
coatings, we  chose exposure to various fouling organisms including
microorganisms such as marine bacteria (M.  hydrocarbonoclasti-
cus), green slime algae and also blue mussels (M.  edulis) to represent
hard-shell calcareous fouling macroorganisms. In this way  the
tested coatings get contacted with a variety of adhesives. Whereas
blue mussels adhere via a complex protein adhesive comprising a
large amount of dihydroxyphenylalanine (L-DOPA) green algae and
bacteria generally use e.g. glycoproteins to adhere to materials [36].Bacteria generally belong to the ﬁrst organisms settling on
immersed structures during fouling processes, we  chose M.  hydro-
carbonoclasticus, a marine bacteria strain for biofouling evaluation
[37]. The assay was  performed following a procedure described by
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Fig. 1. Fluorescence microscopy images of adherent cells of marine bacteria strain M.  hydrocarbonoclasticus on pristine (A) and p(GME)-s-(OH)-Sil coated (B) glass slides,
after  incubation for 24 h in the cell suspension.
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For further evaluating the nonfouling behavior of p(GME)-s-
(OH)-Sil, slides were exposed to green slime algae in a sea water
aquarium initially inoculated with water samples from the North
Sea. The green algae adhered similarly to the marine bacteria.ig. 2. Bright ﬁeld microscopic images of green slime algae adhesion after one wee
ranzetti et al. [31]. Coated and uncoated substrates were incubated
or 24 h in the respective cell suspension. As a result, the number of
dherent cells on coated glass is considerably smaller (<1%) com-
ared to uncoated glass as shown in Fig. 1. The number density of
dherent cells was 3412 ± 209 per mm2 on uncoated glass, whereas
o settlement was observed on coated slides. Only in areas where
he coating was intentionally scratched before the immersion as
n internal positive control the cell density was markedly higher.
oth FRCs and hydrogel coatings have this weak mechanical sta-
ility in common. Our results show a similar trend as in a study on
EG-hydrogel coatings on glass by Liedberg and coworkers, who
ig. 3. The number of adherent cells of green slime algae on coated and uncoated
lass slides, respectively, after incubation for 1 week.cubation before (A) and after coating (B) glass slides with p(GME)-s-(OH)-Sil.
also observed considerably reduced amounts of settled M.  hydrocar-
bonoclasticus on glass when applying coatings with PEG hydrogels
[22]. However, the experimental setup and the coating thickness
(34.3 ± 1.9 nm)  were different from our approach.Fig. 4. Adhesion of green slime algae to a partially coated glass slide after 1 week in a
sea  water aquarium. The glass slide was spray coated with glycerol based nonfouling
paint using the letter U as covering mask during the spray application.
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Fig. 5. Amount of byssus plaques per slide after incubation for 24 and 48 h in a
sea water aquarium on uncoated and coated glass slides as well as PTFE substrates.
The data are presented as means ± SD of values from at least three independent
experiments (*p  < 0.05 as signiﬁcant, **p < 0.01 as very signiﬁcant and ***p < 0.001 as
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Fig. 6. Quartz crystal microbalance (QCM-D) sensorgrams of real-time stability tests
of  copolymer p(GME)-s-(OH)-Sil coatings on SiO2 covered sensor chips against var-
ious aqueous solutions. Normalized frequency changes of the third overtone arextremely signiﬁcant).
oating with p(GME)-s-(OH)-Sil reduced the amount of adsorbed
reen algae on glass slides by more than 97% as measured after
ne week of immersion (Figs. 2 and 3). The macroscopic picture
f a patterned spray coated substrate demonstrates that already
fter one week of immersion in seawater pristine optical windows
ere highly covered by green algae (1107 ± 355 cells mm−2;
ig. 4), whereas p(GME)-s-(OH)-Sil coated areas were still optically
ransparent (32 ± 46 cells mm−2).
Mussels can adhere to almost any kind of surface using protein
ased adhesives, which exhibit after hardening good mechanical
trength and are highly water insoluble and stable against hydrol-
sis. Therefore, development of coatings that resist the adhesion of
ussels is a challenging task particularly under static conditions.
o demonstrate the performance of p(GME)-s-(OH)-Sil coated glass
ubstrates, blue mussel adhesion under static conditions was com-
ared to their adhesion on uncoated glass and on PTFE as a substrate
ith a low surface energy which is commonly applied in FRCs.
n the experiment, mussel adhesion was evaluated with respect
o the amount of byssus plaques per slide (Fig. 5). The measure-
ents show obvious differences in the amount of byssus plaques
n each surface. As a result, both glass slides coated with p(GME)-s-
OH)-Sil and PTFE surfaces show a statistically signiﬁcant reduced
mount of byssus plaques as compared to the pristine glass sur-
ace used as a reference. Moreover, p(GME)-s-(OH)-Sil coatings
howed a performance superior to PTFE surfaces. As none of the
ndividual mussels died during the experiments, we  assume that
(GME)-s-(OH)-Sil coatings were not biocidal. In addition, bacte-
ia cells close to the coating in the area of the intended scratch
ere also viable. Whether p(GME)-s-(OH)-Sil based coatings are
ot biocidal under long-term conditions remains to be eluci-
ated.
For all tested species fouling on glass surfaces was considerably
educed after applying p(GME)-s-(OH)-Sil coatings. In detail, differ-
nces in the extent of inhibition effects exist. Whereas in the case of
arine bacteria and green algae biofouling was almost completely
uppressed, mussels still adhered visibly even to the coated sur-
aces. These results may  be attributed to the distinct mechanisms
f adhesion. In contrast to the sophisticated mussel adhesion mech-
nism, bacteria and algae share a more passive mode of adhesion
nvolving the secretion of glycoproteins.shown as a function of time. (For interpretation of the references to color in text,
the reader is referred to the web version of the article.)
3.4. Stability and protein adsorption
To investigate the short-term stability of p(GME)-s-(OH)-Sil
coatings on silica, coated SiO2 sputtered quartz crystal sensor chips
were subjected to real-time measurements using a quartz crys-
tal microbalance (QCM-D). As the salt content of seawater is in
the range of 3.3 and 3.8 wt% and as seawater generally is slightly
alkaline with a pH value around 8 [38], aqueous test solutions con-
taining NaCl (3.5 wt%) were prepared and adjusted to pH values of
8.0, 8.3, as well as 10.0 as a positive control. Additionally, stability
of the coatings against exposure in an aqueous anionic surfactant,
sodium dodecyl sulfate (SDS) was tested. Desorption of the grafted
copolymer coating could not be observed in any of the relevant test
solutions (pH 8 and 8.3), as indicated by the constant frequency
(Fig. 6). In contrast, a saline solution at pH 10 caused a steady
desorption of the polymeric layer as is evident from the positive
frequency change (Fig. 6, red line).
To further conﬁrm the stability of the coating in various aqueous
solutions and to quickly evaluate the antifouling properties, coated
slides were investigated for their resistance against nonspeciﬁc
protein adsorption in the same QCM-experiment directly after test-
ing their stability. For this purpose, we chose ﬁbrinogen as a model
protein because of its high tendency to adsorb to almost any kind of
surface [32]. Protein adsorption measurements were chosen for a
quick fouling evaluation, because all of the fouling species tested in
this work use at least to some extent proteins to adhere to solid sur-
faces. Therefore, substrates resisting the adsorption of ﬁbrinogen
may  be considered promising candidates for showing nonfouling
behavior. Although untreated copolymer p(GME)-s-(OH)-Sil coated
substrates displayed a high protein resistance, uncoated substrates
showed a strong protein adsorption (Fig. 7). All the treated coatings,
even coatings having undergone mass loss and possibly partial
desorption of the coating after treatment at pH 10, still showed
excellent protein resistance.
As for practical reasons real-time measurements in the ﬂow
chamber of the QCM were restricted to short-term investiga-
tions, long-term stability tests were performed outside the QCM
device. Therefore, copolymer p(GME)-s-(OH)-Sil coated sensors
were exposed under the respective long-term conditions, and
subsequently characterized by ﬁbrinogen adsorption experiments
using real-time QCM measurements (Fig. 8). For assessing
T. Becherer et al. / Progress in Organi
Fig. 7. Representative QCM sensorgrams of non-speciﬁc ﬁbrinogen adsorption on
p(GME)-s-(OH)-Sil coated and uncoated SiO2 covered sensor chips. Prior to the injec-
tion of a ﬁbrinogen solution (1 mg  mL−1), coated chips were treated with various
aqueous solutions inside the ﬂow chamber of the QCM device (see Fig. 6). The inset
shows an enlargement of the upper part of the plot.
Fig. 8. Nonspeciﬁc ﬁbrinogen adsorption on p(GME)-s-(OH)-Sil coated sensor chips
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[fter immersion for 28 days in saline water (3.5 wt%) at the respective pH. Fibrinogen
dsorption was  measured via QCM-D and is given in % relative to uncoated silica.
xperiments were performed according to the same protocol as shown in Fig. 7.
ong-term stability, p(GME)-s-(OH)-Sil coated chips were
mmersed at 25 ◦C for 28 days in saline water (3.5 wt%) at
eutral pH (7.0) as well as at pH 7.9 and 8.3 as these are the lower
nd upper boundaries for seawater [39]. Whereas the coating
howed excellent stability at neutral pH over the tested time
eriod of 28 days, ﬁbrinogen adsorption increased for pH 7.9 and
.3 by 38.2% and 77.5% respectively. These results indicate that
he QCM-D oscillator system and possibly the coating is prone to
ydrolysis under marine conditions. It has to be mentioned that
tability experiments were performed at temperatures that rep-
esent the upper limit in the ocean. Therefore, the effect observed
ere is expected to be the upper limit for the ones observed
nder real conditions. Hult and coworkers, who studied PEG based
rosslinked hydrogels grafted to glass via siloxane bonds, also
bserved a signiﬁcant unwanted release of the coatings upon
mmersion of the slides in artiﬁcial seawater (ASW) according
o gravimetric measurements [24]. Further comparison of our
ndings and these results is difﬁcult because the authors studied
he mass loss but did not evaluate the resulting antifouling per-
ormance. The authors, however, clearly ascribe the mass loss to
[
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cleavage of the siloxane bond. Liedberg and coworkers found a
good stability of covalently grafted PEG based hydrogels on glass
substrates in ASW over a period of 7 days. The authors, however,
did not include pH dependent measurements [22].
4. Conclusion
We reported on the synthesis and application of a hydrogel
based nonfouling spray coating consisting of a glycerol based linear
copolymer. The coating was evaluated with respect to its non-
fouling behavior by testing the adhesion of two microorganisms,
namely green slime algae and the bacterium M.  hydrocarbono-
clasticus, as well as the adhesion of blue mussels, which exhibit
a different adhesion mechanism from the other two. For all the
tested fouling species the settlement was considerably reduced
after applying the new coating as compared to unmodiﬁed glass.
Despite the small thickness in the lower nm range, the amount
of adherent mussels was signiﬁcantly reduced in the presence of
the coating with an even better performance than PTFE substrates.
We further demonstrated that the polymeric compound could be
prepared in a straightforward synthesis and could easily applied
with a simple spray coating and forms strongly attaching layers. The
coating durability is limited to some weeks by hydrolytic cleavage
under marine conditions. With a thickness of a few nanometers the
coating is extremely small as compared to technically applied FRCs
with a thickness in the micrometer range [11]. This small thickness
of the new coating facilitates coating of materials which exhibit a
surface roughness in the nano- or micrometer range without level-
ing out this surface roughness. In summary, the new coating system
efﬁciently prevented marine biofouling under seawater conditions.
The low settlement of various marine organisms and easy applica-
tion of glycerol based polymeric coatings make them an interesting
alternative to PEG hydrogels.
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